Co/Ag multilayer film: Role of annealing on the magnetic prqperties L. F. Schelp, G. Tosin, M. Carara, M. N. Baibich, A. A. Gomes,a) and J. E. Schmidt Institute de Eisica, Universidade Federal do Rio Grande do Sul, Rio Grande do SW, C.P. 150.51, 91500-Port0 Aiegre, Brazil (Received 26 February 1992 ; accepted for publication 1 August 1992) Co( 15 A)/Ag(60 A) multilayers produced by electron beam deposition on a 50 A chromium buffer layer over a Si( 111) wafer have been studied by magnetoresistance, saturation magnetization, coercivity, and anisotropy. Annealing at various temperatures produces striking effects on the observed physical properties, such as an improvement on the value of the magnetoresistance associated to a "back-diffusion" process in the Co/Ag interfaces. This leads one to believe that interface roughness is indeed most important to understanding the connection between giant magnetoresistance and antiferromagnetic coupling, as well as the behavior of coercivity vs interface anisotropy in these materials.
Magnetic multilayered films present new and striking magnetic properties of which the giant magnetoresistance is one of the most remarkable, as first reported by Baibich et al. ' and also observed by other workers on other systems as Co/Ag,' CO/CU,~ Nis,Fe,,/Cu;4 its origin (antiferromagnetic coupling between adjacent magnetic layers, together with near-interface spin-dependent scattering processes) and its relation to the structural properties (interface roughness and grain size) is still a source of some controversy and several theoretical approaches have been proposed on this subject.5-7
It is well known that many physical properties are modified by annealing, which basically changes the structure of the defects, the grain size, the thickness, and/or roughness of interfaces. The observation of the corresponding effects provides further understanding of the mechanisms involved and their role as a function of the annealing temperature. These questions suggested the study of Co/ Ag layered structures considering that Co and Ag are immiscible to a very large extent, which should enhance interface sharpening and segregation upon thermal annealing.* We have deposited these layered structures which are known to exhibit giant magnetoresistance and followed the evolution of their magnetic properties as a function of the annealing temperature.
The Co/Ag multilayered films were prepared by electron beam evaporation on top of a 50 A buffer layer of chromium over Si ( 111) substrates. The pressure before the evaporation was 3 X lo-' Torr, and the deposition rates were 1 A/s for Ag and 0.5 A/s for Co. Postdeposition annealing was performed in a rapid thermal annealing furnace under dry hydrogen flow to ensure as close as possible to a step-wise process for the applied temperature and reduced oxidation of the samples. We have measured the saturation magnetization (M,), coercivity (H,), and the effective and perpendicular anisotropies (Ken K, ) using vibrating sample and torque magnetometers. We also performed magnetoresistance measurements using a standard ac bridge method.
X-ray diffraction patterns for as-deposited and annealed multilayers in the small angle region are shown in ' kentro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, RJ, Brazil. Fig. 1 (a) . The Bragg peaks prove the layered structure of the samples even for those annealed up to 360 "C, and above this temperature the multilayer characteristics disappear. The relative intensity of the successive peaks indicate' that the samples annealed above 300 "C! indeed present lower interface width as compared to the asdeposited one. The high angle diffraction patterns, shown in Fig. 1 (b) , present satellites around the peak corresponding to the Ag( 111) reflection for annealing temperatures lower than 360 "C. No significant changes can be observed in the relative intensities or broadness of the satellites probably because, as reported by Lamellas" and coworkers," high angle diffraction probes local ordering, being, therefore, less sensitive to the interface quality of the sample as a whole.
As can be seen in Fig. 2(b) , the saturation magnetization 44, shows a roughly constant value up to 360 "C, indicating the overall maintenance of the multilayer characteristics confirmed .by x-ray measurements. For temperatures higher than 360 "C! 44, starts to decrease as a result of the degradation of the multilayered structure. The saturation magnetization involves, in an averaged way, the sum of several contributions, with different scales, so that it is less sensitive to local changes as compared to any of the other quantities studied. We have observed that all other properties show sharp modifications in the range of 260-360 "C. Figure 2 (a) shows the effect of the annealing temperature on the resistivity, which suggests that a process associated to the reduction of the interface roughness and/ or grain growth is taking place. The electrical resistivity of metal multilayers reflects the character of their interfaces: those with higher degrees of mixing should have much higher resistivity. Therefore, since the resistivity in Fig.  2 (a) is lowered as a function of the annealing temperature, we expect this to be related to sharper interfaces.
The resistivity measurement by itself is not conclusive, but we can see that there is an increase in the absolute value of the perpendicular anisotropy K, [ Fig. 2(c) ] which is proportional to K, (magnetocrystalline anisotropy), to 2KJthickness (surface/interface anisotropy) and to k,, (stress anisotropy). If one assumes that the magnetocrystalline and the stress contributions are less important than the interface term, the data are an indication that the in- terface sharpens as a function of the increasing annealing temperature. This sharpening is consistent with the increase of the interface anisotropy, for a given spin-orbit coupling strength, as suggested by the simple calculation of Bruno." On the other hand, as observed in item (d) of Fig.  2 , the coercivity H, increases up to 360 "C (and beyond) . This is also consistent with a sharper interface if one assumes (as claimed by Garcia et al. 12) , that coercivity and anisotropy energy are related, that is, H, and KJMs are proportional. Since MS is roughly constant in the annealing range where the multilayer is preserved, we can compare ..- the observed ratio variation of the quantities H, (360 IT)/ H, (25"C)=5
and K,(360°C)/K,(25"C)=3. Thisdifference in the ratios suggests the existence of at least two contributions for the coercivity: one associated to the increased interface sharpness and a remaining one due to other factors such as grain growth and so on.
A better and clearer picture comes out when analyzing item(e) of Fig. 2 , that depicts the magnetoresistance, measured at room temperature in the in-plane configuration: the observed values (varying from 2% to about 5%) are clear indications that we are in presence of regions of the sample that couple antiferromagnetically, and with the right order of magnitude for the roughness, leading to the well-known giant magnetoresistance (GMR). The increase in the magnetoresistance effect could be accounted for by the decrease in resistivity, but it can never explain how the effect reduces for annealing temperatures above 360 "C. The only explanation left for the increase of the GMR is that, on having Co and Ag immiscible over a large temperature range, one is inducing a back-diffusion process upon annealing at low temperatures, thus effectively obtaining smoother interfaces. Other parallel effects such as grain growth and strain relief that certainly occur, are not expected to account for the observed effects. Our picture is the following: the overall antiferromagnetic characteristics of the sample grows once the back diffusion takes place; this assertion can be made from the observed increase in the antiferromagnetic coupling constant JAF, estimatedI from measured values of the saturation fields. The behavior of the magnetoresistance follows quite well the idea of having the adequate competition between interface roughness and the strength of the magnetic coupling.
Work in this problem is by no means definitive, and we are presently performing similar experiments on multilayers with different thicknesses and deposited over different buffer layers to study more closely the effects of different degrees of starting roughness, as well as the influence of both the spacer and active layers. The results of this study are to be published shortly.
In summary, we have been able to observe the effect of the interface roughness on the magnetic properties of Co(15 A)/Ag(60 A) multilayers by inducing a backdiffusion process by means of low temperature anneals. The striking effects observed lead us to the conclusion that the interface roughness is indeed most important in delining the strength of the coupling between adjacent magnetic layers/transport properties and in determining the behavior of the coercivity and/or interface anisotropy.
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